Charge reversal as an extreme case of charge compensation is directly observed by capillary electrophoresis for a negatively charged peptide in aqueous solutions of trivalent cations. Atomistic and coarse-grained simulations provide molecular interpretation of this effect showing that it is largely of electrostatic origin with a minor contribution of chemical specificity of the salt ions.
mobility of the protein changes sign [1] . This is rigorous if no other charges are present in 23 the system. However, neither in vivo nor in vitro proteins are dissolved in pure water but 24 in electrolyte solutions, the ions of which to a certain extent compensate the charges on the 25 protein surface. This is reflected in the electrophoretic mobility, which makes electrophoresis 26 a suitable method to probe the extent of the charge compensation [2] .
27
In many instances, particularly if only monovalent ions are present in the solution, the 28 point of zero charge and the isoelectric point coincide rather well. However, if multivalent 29 salt ions are present, this is no more neccessarily true due to their tendency to pair strongly 30 with oppositely charged groups at the protein surface [3] . Correlations between counterions 31 is also established as a possible mechanism for ion adsorption [4] [5] [6] , though the magnitude 32 of this effect is moderate for aqueous systems [7] . An extreme case of charge compensation 33 by multivalent ions is overcharging. Within this effect, which is also called charge inversion, 34 the charge of a particle is overcompensated by the adjacent salt ions such that it effectively 35 changes sign. This has been observed repeatedly in colloidal systems involving charged sur-36 faces or flexible polyelectrolytes with direct consequencies for particle association and phase 37 properties [8] [9] [10] [11] [12] . Only very recently, overcharging was inferred also for proteins from the 38 anomalous phase behavior and zeta potentials of albumins [13, 14] and from changes in 39 selectivity of a porin channel in the presence of multivalent metal cations [15] . Here, we 40 present an unequivocal case of charge inversion for a much smaller system than previously 41 studied, namely a short polypeptide composed of negatively charged amino acids (aspar-42 tates), upon moving from aqueous solutions of mono-to tri-valent metal acetates (Ac). This 43 is a biologically relevant system simple enough that quantitatively accurate modeling can be 44 performed. The effect is directly detected as a reversal in electrophoretic mobility close to 45 neutral conditions (at pH = 5.5, i.e., far from the point of zero charge of polyaspartate), as 46 well as overcharging in atomistic molecular dynamics (MD) and coarse-grained simulations.
47
Capillary electrophoresis experiments were carried out on a 7100 CE system (Agilent 
where z i and c i denote ion valency and molar concentration, e 0 the unit charge, η is the 87 solvent viscosity, and µ 0 the limiting value of the mobility at zero salt concentration. Further 88 details about the coarse grained model are presented in our previous study [32] .
89
The results from electrophoretic measurements are summarized in Fig. 1 . The top panel
90
shows electrophoretic mobilities of tetra-aspartate in 0 -150 mM aqueous solutions of NaAc, which, at the same La 3+ concentration, has a higher ionic strength than the pure solution.
119
The present measurements of electrophoretical mobility provide direct evidence of charge 120 inversion, however, they do not supply detailed information about the underlying molecular solvent shell [35] ). This peak is in most cases composed of two sub-peaks corresponding to 129 mono-and bi-dentate geometries of the contact ion-pairs [36] . The first and, even more so,
130
the second peak (corresponding to solvent-separated ion pairs) is more pronounced for Na
than K + and, in general, for multivalent than monovalent ions.
132
The radial distribution functions (Fig. 2) can be integrated to a given distance from 133 the peptide which, together with the charge on tetra-aspartate, provides the total distance- (orange) and Mg 2+ (black), and (c) Na + (green) and K + (blue).
measurement. For this, the charge reversal has to be sufficiently large and has to occur 143 within the shear surface, the exact position of which is unknown.
144
In addition, direct comparison between electrophoretic measurements and atomistic MD to previous estimates for cationic tetrapeptides [32] . The experimental results (Fig. 1a) 152 are very well reproduced for monovalent, divalent, as well as trivalent ions (Fig. 4a) . No- at the studied concentrations (Fig. 4a ) and becomes completely unusable for multivalent 157 salts.
158
Also, the general features of the experimental mobility variation in the mixed NaAc-
159
LaAc 3 solutions (Fig. 1b) are captured (Fig. 4b) 
